Abstract: The magnetic targeted drug delivery system of Avil´es, Ebner and Ritter, which uses high gradient magnetic separation (HGMS) is considered. In that model large ferromagnetic particles are used as seeds to aid collection of multiple domain nanoparticles (radius ≈ 200 nm).
Introduction

19
Magnetic nanoparticles continue to offer much promise as carriers in drug 20 targeting systems [1, 2] . That the force exerted on an individual particle 21 is determined by the gradient of the field and not simply the field is well 22 known [1, [3] [4] [5] [6] [7] [8] . As has been pointed out by several authors [3] [4] [5] [6] [7] [8] by some authors [4] [5] [6] [7] , in order to create large localised gradients within the 27 vessels. Berry [2] has suggested that magnetic nanoparticles with radius of the 28 order of 50 nm may have advantages as drug carriers, and here these are taken 29 as the carriers. For a related problem, Furlani and Furlani [9] have developed 30 a model for which it was possible to obtain an analytical expression for the 31 behaviour of multifunctional particles. In contrast, the approach taken here is 32 largely numerical in that while the magnetic field is obtained from an analyti-33 cal expression both the fluid flow and resulting particle trajectories are obtain 34 using OpenFOAM a finite volume simulation C++ library. influence of Stokes drag and the magnetic force. The Stokes drag is given by
where η b is the viscosity of the blood, R p the radius of the particle, and v b
42
and v p are the velocities of the blood and the particle respectively. The blood 43 velocity, v b , is determined by solving the appropriate Navier-Stokes equations.
44
The magnetic force is determined by
where B is the resulting magnetic flux density (due to the external magnetic
46
field H and the presence of the seed) and m is the magnetic moment of the particle. We follow Avilés et al.
[10] and consider the effect of a magnetisable 48 seed placed in the blood flow as indicated in Fig. 1 . The magnetisation of the 49 seed can be calculated from
where α seed is the demagnetising factor for an infinitely long cylinder in a 51 perpendicular field taken as 
with Langevin argument
where µ 0 is the magnetic permeability of free space, ω fm,p is the volume fraction 62 of ferromagnetic material in the particle, V p is the particle volume, M fm,p,s the 63 (volume) saturation magnetisation, k is Boltzmann's constant and T is the 64 absolute temperature, so that m can be written as
The value of B, required to calculate the magnetic force as given by Eqs. (2) 66 and (7), is calculated from solving the Laplace equation as outlined in Sec-67 tion 4. 
and the Navier-Stokes equation
where ρ b is the density of the blood. To solve Eqs. (8) and (9), a uniform inlet 74 velocity profile is assumed at the inlet control volume (CV) such that
where u 0 is the inlet blood velocity. Non-slip boundary conditions are applied 
Thus for the two regions, within the seed and the rest of the space we have 88 respectively B seed and B space as 89
where φ seed and φ space represent the scalar magnetic potential within the seed 
where θ is the angle from the positive x-axis. Laplace's equation for the scalar 
where µ r is the relative permeability of the ferromagnetic seeds. 
where R seed is the seed radius and H f is the total magnetic field at the location 103 of the magnetic drug carrier particle and is given by
Here the magnitude of the total magnetic field H f is given by H f · H f so that
The magnetic velocity, v m , is given by
The volume fraction of ferromagnetic material ω fm,p in the magnetic drug 107 carrier particle is related to its weight fraction x fm,p through [5]
where ρ fm,p is the density of the ferromagnetic material in the magnetic drug 109 carrier particle and ρ pol,p is the density of the polymer material in the magnetic 110 drug carrier particle. 
where y c is the capture radius of the ferromagnetic seed. The capture radius, are significantly larger (see Fig. 3 ) than would result from the large parti- for the seeds are given in Table 1 . χ fm,p,0 1 000 Table 1 Values of system and material parameters used in the simulation. 
